Abstract-This paper focuses on the description of the behavior of supercapacitors during over-temperature and overvoltage stresses and the consequent ageing processes. Specific physical evidences supporting the explanation of the experimental findings are provided and discussed in the paper. A method to distinguish between over-temperature and overvoltage post-faults of these storage devices is summarized and discussed. Additionally, new accelerated ageing phases and recovering phases are detected during combined high-pulsed Power Cycling and high-temperature Life endurance tests.
INTRODUCTION
As known, supercapacitors (SCs) are electrical storage devices used in several applications requiring high power densities. The power that can be extracted from a SC depends on its size, state-of-charge (SoC) and on its state-of-health (SoH). This last quantity is extremely important since it directly depends on the equivalent series resistance (ESR) of the SC and on its capacitance C SC : two parameters that can be easily evaluated.
The literature concerning the SC SoH, and relevant fault diagnosis, is quite limited and can be summarized by the works [1] - [4] . As discussed in these papers, SC failures appear during ageing causing degradation of their energetic and power performances. In several applications the improvement of SC reliability is fundamental and evaluation of the SoH remains a priority in order to ensure timely maintenance interventions.
In [1] the SC diagnosis, during operating condition characterized by the SC temperature (T SC ) and SC voltage (V SC ) not exceeding the nominal values, has been inferred by comparing the V SC slope in charging/discharging with the corresponding values estimated prior to ageing. The Authors of [3] and [4] focused on the observation of the changes in the electrochemical properties of generic organic electrolytes (also used in SC) when they are stressed with high temperatures and voltages. None of the above studied the performance losses of SC when they are stressed with T SC and V SC above the nominal values (for T SC we refer to the electrolyte boiling point generally in the order of 75°C, and for V SC to the decomposition voltage generally in the order of 3 V).
As expected, an accurate SC SoH estimation is based on the exact knowledge of the SC ageing processes. A thorough study of the literature related to the experimental investigation of the SC ageing mechanism has been presented in [5] - [9] . In these studies two main types of tests have been performed in order to detail the ageing mechanism: i) Life Endurance (LE) and ii) Power Cycling (PC) tests. The LE test allows for evaluating the effects of V SC and T SC on the SC life; PC tests analyze the effects of the SC extracted current on its lifetime. Combined PC and LE tests take into account all the possible ageing factors of SCs. Notably, some Authors (i.e., [5] and [6] ) have also identified a particular stage, called the SC recovering phase, taking place once the PC is stopped. This peculiar phase is characterized by a temporary increase of the SC capacitance C SC . The consequence is a change in the SoH and in the power that can be extracted from the SC. However, in the above-listed references, the physical reasons for the recovering phase have not been accurately analyzed and identified. In particular, the effects of T SC on the duration and on the entity of this recovery phase, along with the conditions to be verified to enable this phenomenon, have not been fully investigated.
This work aims at contributing the understanding of these ageing phenomena and the peculiarity of the recovering phase. Furthermore, new sub-phases named accelerated ageing phases, during which higher C SC deterioration has been observed, have been observed and studied for the first time.
Another contribution of the paper concerns the fault diagnosis of SCs. A SC can be non-intentionally stressed with high T SC and V SC exceeding the nominal values. The dynamic behavior of the SC, together with the physical damage incurred after having achieved these extreme operating conditions, have been investigated and analyzed. In particular, the paper proposes a method to distinguish between SC faults associated to over-temperatures vs over-voltages based on the ESR and the V SC decay observed during the SC charge-redistribution.
II. SCS FAULT DIAGNOSIS FOR HIGH TEMPERATURE AND HIGH VOLTAGE STRESSES

A. Analysis of SCs behaviour after high-temperature stresses
In this section, as well as in the rest of the paper, we make reference to a group of electric double layer capacitors (EDLC) having a nominal capacitance of 365 F provided by the same manufacturer.
SC manufactures generally declare a maximum storage temperature T MAX of 70°C and a maximum operating temperature of 65°C. The information related to the performances and the dynamic behavior of SC when the T SC passes the above limits during cycling have not yet been investigated and neither declared by SC manufactures. In this respect, seven over-temperature tests have been performed respectively at 75°C, 95°C, 115°C, 130°C on the same SC in order to investigate its performance changes compared to those at 25°C. Additionally, once the T SC =130°C was reached, it was held at that temperature for 72 hours and the SC performances have been evaluated every 24 hours. The capacitor was charged to 2.35 V in each experiment.
As already discussed in [5] - [9] , temperature is the main source of SC ageing since it directly acts on the micropore structure of the electrodes. The changes provided by over temperature stresses are not reversible and, at nominal temperature values (i.e. below T MAX ), the main effect is a decrease of C SC . However, temperature values above the recommended ones lead to an important structural modification of the SC electrodes combined with changes of the electrolyte physical properties (i.e., conductivity, viscosity and aggregation properties [3] ).
The observed effects (summarized in Table I ., Fig. 1 and Fig. 2 ) are: i) an expected increase of the ESR (the value can double after 72 hours of over temperature stress), ii) an unexpected increase of the SC voltage decay during short relaxation phases (V 20 is the value of V SC measured 20 minutes after the power generator is turned off), iii) an unexpected C SC increase and a corresponding increase of the SC charging time.
Concerning the fast increase of the ESR, it is due to the fact that the normal process leading a LE test is extremely accelerated. Indeed, the ESR is composed by two main contributions: the resistance related to the electrode-electrolyte surface interface (S SC ) and the resistance related to the electrolyte itself. The extreme high temperature modifies the chemical properties of the electrolyte and it produces overpressures in the restricted SC volume causing size modification of the electrode's micropore structure. Consequently, the S SC is modified and, in general, decreased. Concerning the SC decay voltage, an increase of the SC selfdischarge resistance displayed as a more pronounced voltage decay, was expected and observed. It is well-known that the SC self-discharge process requires long observation times, thousands of seconds after the SC open circuit voltage (V OC ) has been reached. Fig. 1 shows the V SC profiles during charging and redistribution phases at various temperatures. Notably, the decay voltage observed in Fig. 1 is not related to the selfdischarge originated by a charge-leakage phenomenon but is related to changes in the redistribution of the residual charge phenomenon (see [6] for further details). Indeed, at higher temperatures the redistribution phenomena of the charges stored inside the SC is less important during both the charging and the relaxation phases. This involves a lower value of SC residual charges (ΔQ) stored inside the SC [6] . Concerning the C SC increase, at higher temperatures the electrolyte has a higher ionic conductivity (ion mobility) [10] and, consequently, the charge extracted by the SC increases: this results in a capacitance increase. The C SC increase, along with a mitigated redistribution phenomenon at higher temperature, justifies the increase of the charging time. All these observations suggest a possible fault diagnosis detection after over-temperatures in SC by leveraging on the meaning of the SC decay voltage and capacitance. The entire procedure followed to evaluate the electric parameters of the SC is described in [5] .
In order to investigate the capability of the SC to deliver pulsed currents accounting also the over-temperature stresses, Fig. 2 compares the current delivered by the SC at different temperatures. The profile of the extracted current has been apriori defined. This profile is characterized by a fast dynamic with a peak current value 5 times higher than the SC nominal one. As can be observed, the reduction of the peak current for T SC below 95°C is negligible; after 72 hours at 130°C the current decreases by 4%. In view of these results, it is possible to conclude that the SC was still able to provide highly pulsed currents in spite of over-temperature stresses.
B. Analysis of SC behaviour after high-voltage stresses
The manufactures of SC generally declare a maximum voltage V MAX to be applied to the SC. This value is equal, in general, to 2.85 V. To the best of the authors knowledge, the performances and dynamic behavior of SCs when the V SC passes the above limit have not been comprehensively investigated in the existing literature.
In this respect, we have conducted an experimental investigation where five over-voltage tests have been performed at 3 V, 3.25 V, 3.5 V, 3.75 V and 4 V on the same SC. The performance changes have been compared to those ones when it is charged at 2.45 V. The temperature was maintained at 25°C.
The observed results (summarized on Table II , Fig. 3 and Fig. 4 ) are: i) an unexpected large increase of the ESR (this parameter can be 10 times bigger than the value measured at the nominal voltage), ii) an unexpected increase of the decay voltage during short relaxation phases, iii) an expected C SC decrease. Fig. 3 shows the V SC profiles during charging and redistribution phases subsequent to various overvoltage stresses applied to the SC. As already explained in the previous subsection, the SC decay voltage observed in Fig. 3 is related to changes in the redistribution of the residual charge phenomenon. This phenomenon depends on the ΔQ stored in the SC. This latest value depends indirectly on the viscosity of the electrolyte and ion mobility. The main effect of the overvoltage is to change the electrolyte composition [3] and, consequently, it is reasonable to assume that some properties as the viscosity and ion mobility of the electrolyte are subject to changes; consequently the charge penetration into the electrode pores is reduced. This involves a reduction of the ΔQ along with an important mitigation of the charge redistribution justifying the behavior observed in Fig. 3 . Mitigated electrolyte penetration into the electrode pores, along with the reduction of the S SC , supports the reduced C SC observed after the overvoltage tests. Similarly to the high-power pulsed tests, performed after the over-temperature stresses, Fig. 4 illustrates the performances of the targeted SC when it is delivering a current profile with the same one adopted for the overtemperature tests. As can be observed, if the V SC is below 3.50 V, the lost of SC performances are not remarkable. Then, once irreversible modifications of the electrolyte take place, the ESR increases and the SC is not able to deliver high current values. However, it can still deliver current values close to the nominal one (for the SC under test this value is equal to 36 A). Fig. 5 shows a comparison between SC decay voltages related to the extreme overt-temperature and over-voltage tests, namely 130°C after 72 h and 4 V during cycling. As it can be observed, the over-voltage effect is more important than the overtemperature one.
C. Outlooks
It is important to underline that the above results have been performed on 4 SCs belonging to the same manufacturer. It is expected to perform a statistical study on a larger set of devices aimed at inferring the distributions of the SC characteristic parameters during these specific operating conditions. It is also expected to perform a SC post-mortem analysis in order to prove the observed degradations. Table III illustrates the evolution of the C SC during a combined LE and PC test at three different temperatures, 25°C, 35°C and 45°C respectively (note that a detailed description of the SC ageing tests has been already illustrated in [6] ). The structure of the whole ageing test is as follows: the first part is related to the initial combined LE and PC test (time window of 24 hours), a second one related to a single LE test (time window of 12 hours), a third one related to a combined LE and PC test (time window of 136 hours), a fourth one related to a single LE test (time window of 15 hours), a fifth one related to a combined LE and PC test (time window of 106 hours), a sixth one related to a single LE test (time window of 27 hours), a last one related to a combined LE and PC test (time window of 36 hours). From Table III two main phases can be identified: (i) accelerated ageing phase and (ii) recovering phase for which the duration and the associated C SC evolution depend strongly on the T SC value.
In Table III the following acronyms are used to clearly identify the different phases: normal ageing phase (NA), accelerated phase (AP) and recovering phase (RP). At each transition the increase or decrease of C SC is evaluated and referred to the last value of the previous ageing phase (LE or combined PC and LE test).
From Table III it is possible to draw the following conclusions: The accelerated ageing phase is detected at any transition of PC test to LE test. The duration seems to be independent from the temperature. However, the associated C SC fade strongly depends on the T SC . The recovering phase takes place during the transition of LE to PC test. The condition for which it takes place, along with its duration and entity, depends strongly on the T SC value and on the duration of the previous LE test.
During the LE test and during the combined PC and LE test the C SC has been recorded every 3 hours (note that the procedure that has been used to evaluate the C SC is described in detail in [6] ). It is important to note that the observed recovering phase is associated to the utilization of the SC with high-pulsed current extraction (10 times higher than the nominal value for 1 second). To the best of our knowledge, the available literature does not discuss ageing and recovering processes associated to this particular use of the electrochemical double layer SC.
A. Accelerated ageing phenomenom
When the SC is aged with a combined PC and LE tests, the C SC decreases followed by a quasi-exponential fading [6] - [9] . The main ageing factor is the current extraction, involving an increase of the T SC and consequent exfoliation of the carbon electrode surface blocking some of its macro-pores. The structure of the electrode consists of elementary crystallites with a large number of interstices between them. The interstices tend to be filled with carbon residues that block the pore entrances during a LE test [10] . This latest effect reduces the S SC and consequently the charge transfer from electrolyte to electrode. It is important to note that some benefits may be associated to higher internal SC temperatures caused by the current extraction: i) a lower electrolyte viscosity increasing the charge penetration of the electrolyte into the pores; ii) higher electrolyte conductivity and consequently a higher amount of charge transfer between electrode and electrolyte. Additionally current extraction, especially if the current is pulsed, removes some of the impurities depositing on the above interstices (the quantity of these impurities increases with the temperature). Once the PC is stopped, these above benefits are no longer present, and consequently there is an acceleration of the ageing process, namely a more important and faster C SC decrease. The decrease is more important for the SC that has been previously aged at higher temperature (see in Table III the row associated to the beginning of each LE test). This happens as the higher temperature involves an increase in the production of impurities and further degradation of the electrolyte (discussed below). One may assume that the I SC is a mitigating-ageing factor countering the T SC ageing factor during combined LE and PC tests.
B. Regenerative phenomenom
During the LE tests, the C SC follows a quasi-exponential fading vs time that has been already discussed in the literature [6] - [9] . Based on experimental results presented in this paper, the evolution of the C SC during the transition from LE test toward PC test deserves specific analysis. In particular, three different types of C SC behavior, with duration and associated C SC changes that depend strongly on the T SC , can be identified at the beginning of the PC restart. The first identified behavior shows an increase in C SC that is maintained for a certain period of time (before returning to age) following the classical capacitance evolution [6] - [9] . The second observed behavior is an increase in C SC for a certain time. After this increase, a normal decrease follows. The third observed behavior is that the C SC increases then suddenly decreases normally.
The occurrence of one of the above behaviors depends on the T SC value and on the duration of the previous LE test. Possible mechanisms describing these behaviors for each T SC are described below. i) If the T SC is equal to 25°C (the nominal temperature specified by the manufacturer) once PC resumes, the first subphase associated to the recovering phenomenon always takes place: the C SC starts to increase until it reaches a maximum value. During this specific phase the extraction of current partially removes some of the impurities that filled the interstices in the previous phase (the LE test). Additionally, the extraction of current involves the increase of temperature with associated decrease of viscosity and increase of the electrolyte conductivity. This results into a larger penetration of the electrolyte into the electrode pores and a higher amount of charge transfer. It is important to note that the current extraction, especially because it has the time evolution characteristic of a pulsed current, is causing micro-cracking in the electrode which modifies the porosity of the electrode [10] . Even if we were not able to have clear evidences, we suppose that the production of these impurities, mixed with the electrolyte, might reduce the electrolyte conductivity as well. It is reasonable to assume that at the beginning of the PC restart there are two processes: one involving an ageing phenomena associated to current extraction, another one involving a regenerative phenomena associated to the viscosity and electrolyte conductivity changes. During the first part of this phase (6 hours at 25°C in Table III) , the regenerative phenomena is stronger than the ageing one. Once the C SC reaches the maximum value, it means that the two processes are perfectly compensated. From this moment on, any further extraction of current is no longer compensated by the above benefit causing a reduction of the C SC value. The C SC evolution follows the characteristic fading of a PC test.
At 25°C, the increase of C SC evaluated at each transition from LE to combined PC and LE test is decreasing: +1.21% at the first transition, +0,5% and 0.4 % in the last one. It is reasonable to justify this finding by the fact that the benefit associated to the current extraction becomes lower. In fact, the SC SoH at the last transition is lower than the one evaluated at the beginning (indeed, the SoH is mainly related to the filled micropore and the electrolyte properties). At the last transition the benefits associated to the PC are relatively less important than those at the beginning of the test (at the beginning of the test the electrolyte has not deteriorated and few micropores are filled with impurities). The duration of the recovering subphase is still the same at each transition since it is related to an increase in the temperature (increase of electrolyte conductivity and decrease of viscosity) associated to the current extraction. The increase in temperature is practically the same since the heat capacity of the electrolyte is not considerably changed and the current profile used during the PC test is always the same.
ii) If the T SC is equal to 35°C, once the PC is restarted, the observation of one of the three above listed possibilities depends on the duration of the previous LE test. As shown in Table III , during the first transition, the recovering phase holds just for 3 hours (the previous LE test held for 12 hours). During the second transition there is a recovering phase that almost compensates the main ageing process (the previous LE test held for 15 hours). During the third transition there is a recovering phase with an associated C SC increase (the previous LE test held for 27 hours).
In order to physically explain the above experimental findings, it is important to underline that during a PC and LE ageing test there is a certain evaporation of the solvent changing the composition of the electrolyte. Some of the evaporated solvent leaks from the SC which is not totally hermetic, and some of it remains inside the SC creating an overpressure. Based on the consideration reported in [10] it might be possible to assume that the above overpressure modifies the contact between electrode and electrolyte and leads to an additional C SC decrease. This process depends strongly on the T SC value and on the duration of the test. It is reasonable to assume that at the beginning of the whole ageing test and for short durations of LE phases (in our case shorter than 15 hours) the degradation of the electrolyte associated with the LE test is not so important and any benefit related to the extraction of current (during the PC test) is not producing any observable phenomena. After a certain threshold (in our case 15 hours) degradation of the electrolyte takes place and the increase of the temperature and removal of impurities associated to current extraction are temporarily compensating for the whole ageing process. For longer duration LE tests (27 hours) the degradation of the electrolyte, along with the number of micropores filled with impurities, becomes important. Consequently, the extraction of current is associated to important C SC increases.
iii) If the T SC is equal to 45°C, once the PC is restarted, the first sub-phase associated to the recovering phenomena always takes place: the C SC starts to increase until it reaches a maximum value. At the beginning of the test, during the first transition, this phase holds just for 3 hours. For the other transition, since the degradation of the electrolyte is accelerated (indeed, the T SC is higher) the current extraction temporarily benefits the SC. The C SC increase is relatively higher than that evaluated at the same transition at 25°C. This can be explained with a lower SC SoH involving a higher regeneration with current extraction.
C. Outlooks
The above results have been inferred on 6 SCs belonging to the same lot provided by the same manufacturer. It is expected to perform a statistical study on a larger set of devices aimed at inferring the distributions of the SC characteristic parameters during these specific transitions. Additionally, the tests were globally performed for 20 days but it would be interesting to predict the behavior of the SCs during the AP and RP over longer test periods. As already stated, the duration and the entity of the above AP and RP depend on solvent evaporation. It would therefore be interesting to provide experimental characterization of the solvent losses during the different ageing tests.
IV. CONCLUSIONS
This work has described an experimental study aimed at: a) analysing the fault diagnosis of SCs during high temperature and high voltage test; b) discussing the SC state of health and C SC evolution during combined PC and LE tests at different temperatures.
The evolution of the SC characteristic parameters (i.e., ESR and C SC ) under high temperatures (up to 130°C) and high voltages (up to 4 V) has been experimentally investigated. Additionally, the ability of the SC to deliver high-pulsed currents, after having achieved the above extreme operating conditions, has been investigated and discussed.
The results show that SCs exhibit a robust behaviour after over-temperature stresses. Conversely, SC behaviour appears quite sensitive to overvoltage stresses. The paper has then proposed a method to infer the type of faults based on the estimation of the SC ESR and on the observation of the SC long-term voltage decay (i.e., the SC voltage during the charge redistribution phase). These observations might represent the basis to develop online and real-time diagnosis tools of SCs.
The results presented in the paper have further allowed for identifying a new recovering phase and an accelerating ageing phase. They appear during combined LE and PC tests at highpulsed currents. In summary, the recovering phase appears at each transition from LE to PC. The duration and behaviour of the C SC increase depends on T SC and on the previous ageing process. The above results have been obtained by investigating the SC behaviour for three different temperatures: the nominal T SC (25°C), a slightly higher T SC (35°C) and a moderately high T SC (45°C).
Additionally, it has observed that the use of high-pulsed currents can be adopted as a method to obtain a temporary increase of the C SC .
Based on the above-summarised findings, further research will focus on the investigation of the SC recovering phase including a post mortem analysis to validate the explanations. Further, the results will be used to improve existing analytical SC ageing models to enable online and real-time SoH estimators.
